Urinary arsenic species have been determined for approximately 3000 urine samples obtained from residents of a community surrounding an arsenic-emitting copper smelter. Levels of inorganic, monomethylated and dimethylated arsenic species ranged from less than 1 yg/L (the instrumental detection limit) to 180 ltg/L seen for dimethyl arsenic. Comparison of a subsample of this population that had the least environmental contamination with the subsample having highest environmental arsenic concentrations showed small but statistically significant differences in urinary arsenic levels for all species except dimethylated arsenic. However, for children under 7 years of age living in areas with increased environmental arsenic contamination, there was a larger and equally significant (p < 0.001) increase in all urinary species. This effect was more pronounced in males (5-fold increase in median sum of species concentration over control group) than in females (2-fold increase in median sum of species concentration over control group) and was observed as a weaker effect in the next higher age group (7-13 years of age). Reported consumption of seafood also was significantly related to increased urinary dimethyl arsenic, but changes in distribution among the urinary arsenic species detected was not a sensitive indicator of recent seafood consumption.
Introduction
Urinary arsenic levels are indicative of recent (previous 1-2 days) exposures to arsenic (1) . When total urinary arsenic is measured, intake of all forms of arsenic is detected. Urinary arsenic species that are metabolically related to inorganic arsenic intake have been recommended for use as biological indicators of exposures to inorganic arsenic rather than total urinary arsenic because of the latter's potential for dietary artifacts associated with seafoods containing high levels of organoarsenic compounds (2, 3) . These organoarsenic compounds are not thought to be toxic but compose the majority of total urinary arsenic for persons consuming some types of seafood (4) . Since some forms of seafood-derived organoarsenic such as arsenobetaine are excreted without metabolic transformation and are not detectable in an arsine generation assay, it has been generally believed that such assays exdude the influence of all seafood arsenic on urinary arsenic levels. While this approach is well documented for groups with occupational exposure (2, 5) , urinary arsenic speciation data reflective of more general populations and background levels of exposure do not exist. We have applied an arsine generation method for the speciation of urinary arsenic to be a population living in an area of significant environmental arsenic contamination in order to assess exposures.
Tacoma, WA is the location of a former primary copper smelter that has been designated as a hazardous waste site under CERCLA (Superfund). The smelter was converted from lead production in the period 1912-1921, and continued to smelt copper until 1985. As a facility specializing in the smelting of high arsenic copper ores, the smelter also produced arsenic trioxide until 1986. Numerous studies have documented arsenic contamination of air, soil, and dusts in the vicinity of the smelter (6) . Elevated urinary arsenic in schoolchildren living near the smelter has been reported since the early 1970s (7) . The Ruston-Vashon Island Exposure Pathways study was (8) . In this report, we present urinary arsenic species results for both exposed and relatively unexposed populations.
The influence of dietary seafood on urinary arsenic has recently been shown to include elevations (exceeding 10-fold in some cases) of dimethyl arsenic following consumption of specific seafoods such as clams and mussels (9) , resulting in shifts in the distribution of arsine-forming species. In reporting the distribution of arsenic species observed for groups with and without reported seafood consumption, we will consider the potential usefulness of urinary arsenic species distributions in distinguishing seafood arsenic sources from exposures resulting from environmental contamination with inorganic arsenic.
From this data set, we were interested in the following questions: a) Are there significant differences in urinary arsenic levels (arsenate, arsenite, monomethylarsonate, dimethylarsinate, or sum of these species) between the cases and controls for any of the age/sex subgroups after eliminating samples collected following reported seafood consumption, and b) Are changes in the relative amounts of urinary arsenic species useful in distinguishing between environmental and seafood arsenic exposures? This second question was addressed by considering whether the ratio of dimethylarsinate to sum of urinary arsenic species was different between the cases and controls for any of the age/sex/seafood subgroups.
Methods
The Ruston-Vashon Island Exposure Pathways study was a longitudinal study conducted over 1 year, with quarterly sample collection from 121 study households NV) and by the Centers for Disease Control (Atlanta, GA) were assayed and reported successfully during the analysis period as well. Overall method precision for actual study samples, expressed as a coefficient of variation based on 251 pairs of replicates, was 6.5%. This assay was also used for handwash and drnking water arsenic determination.
Other chemical assays were neutron activation analysis for total arsenic (applied to hair, soil, and bulk dust samples) and X-ray fluorescence analysis for arsenic and otherelements (applied to air samples collected on filters and to resuspended dust and soil samples). Questionnaires were coded for diet according to three categories: no seafood consumption reported, (any amount of) finfish consumption reported, and (any amount of) shellfish/crustacean consumption reported.
Descriptive statistical methods (e.g., means, median values, and standard deviations broken down by subgroups of interest) are used to characterize the data. For these analyses, results of less than the method quantitation limit were included as quantitation limit results (0.7 ppb). More formal tests of hypotheses use the random effects regression of Laird and Ware (19) . This method explicitly accounts for the correlation between multiple observations from the same individual, a condition that violates the independence assumption of the ordinary regression model. To fit the models reported, a stepwise backward elimination strategy was used. All model terms with p > 0.10 (two-tailed) were successively eliminated until the final model was obtained.
Results
Approximately 3000 urine samples were assayed in this study. Spot Although a control area was selected and some sample types obtained, these data are few compared with the main location of the study. Comparison of the urinary arsenic results from the control area with urinary arsenic from those census tracts most remote from the smelter showed equivalently low levels in the latter regions. The urinary species data taken from the study area (within 10 miles of the smelter) were therefore grouped into three pools: Ruston, the census tract surrounding the smelter; a low-exposure reference group selected from homes/sampling episodes that had uniformly low associated environmental arsenic levels; and the rest of the study homes. The second-mentioned group (designated "Tacoma/control") was selected from those homes 1.5 miles or more from the smelter by expressing the values for soil, indoor (fine and coarse) and outdoor (fine and coarse) airborne arsenic as log-transformed standardized values, and requiring that the average of these five measures be below the geometric mean of all values collected in the study. Figure 1 shows this index of environmental arsenic versus distance from the smelter for Ruston, Tacoma/control, and the rest of the Pathways study homes. consumption in questionnaires were excluded from group statistics and summarized separately (groups B and E). Tables 1 and 2 indicate that while some differences exist between the background/Tacoma and the Bellingham group in terms of soil arsenic level and, to a lesser extent, air levels and hand loadings, these two groups (C and D) are similar to each other and each is distinct from Ruston, the most Table 1 would not seem to produce large differences in exposures. Table 3 compares the combined Bellingham and Tacoma control groups urinary arsenic species results with those from Ruston by age and sex subgroups. An age effect is seen within each population, and clear differences between Ruston and control are seen for the youngest subgroups (0-6-year-old males, 5-fold increase for Ruston over controls; 0-6-year-old females, 2-fold increase).
Discussion
These control group data are the first reported general U.S. population urinary arsenic species results, while the Ruston data indicate the effects of modest arsenic exposures resulfing from discernable environmental contamination. Total arsenic values from previous studies of urinary arsenic levels or estimates based on dietary total arsenic intake are not comparable because of the influence of those organoarsenic compounds excluded by the speciation assay. Buchet (3) has estimated that the sum of species detected would be below 20 yg/g urinary creatinine in persons without either occupational exposures to arsenic or significant levels of (4, 14, 16) , this analysis would suggest that total urinary arsenic might be as much as three times higher than the sum of arsine-forming species for a U.S. mean arsenic intake model. Using the EPA bioavailable intake estimate (20 atg/day; excluding diet) and assuming 70% urinary excretion (17) , 1A L/day urine volume (18) , and steady state, one would estimate an average level of summed urinary arsine-forming species of 10 ng arsenic/ mL. This compares reasonably well with the mean and median values seen in Tables 2 and 4 for the least-exposed group (Tacoma-Control and Bellingham, excluding seafood consumers).
The results shown in Table 4 address the question of whether significant differences in urinary arsenic species exist between cases and controls for any of the age/sex subgroups after exclusion of samples collected following reported seafood consumption. For each outcome variable (logtransformed INA, MMA, DMA, and sum of species), the magnitude and significance of the effects of several explanatory variables are given. These models were obtained by starting with a completely saturated model that included age (4 levels: 0-6, 7-13, 14-19, 20+), sex, and status (case, control), and all interactions. Terms were successively eliminated until only factors with significance levels of 0.10 or less (twotailed) were retained in the model. The regression coefficients may be interpreted as representing the average increase (decrease if negative) in log urinary arsenic species for a person in that population category over the baseline (intercept) level. Thus, from underscore the importance of using matched control groups when attempting to infer exposure patterns from small increases in urinary arsenic species concentrations. Table 4 also shows the amount of variation that can be explained by the various components of the model. In the usual regression model, the square of the multiple correlation coefficient, R2, is used to apportion the total variation into that part explainable by the regression and that part due to random error. In the random-effects models used here, the total variation is divided into three components: the portion that can be explained by the covariates listed in Table 4 , the portion due to unexplained variations between persons (even among individuals within a single age/ sex/case subgroup), and that portion that is due to unexplained variation within a person. For the sum of species, for instance, 42.6% of the total variation is due to unexplained variations in repeated observations on the same individual; 29% can be explained by the age/sex/case and interaction effects model; and the remaining 28A% is attributable to unexplained variations between individuals. Previously renorted results (8) lead us to believe that variations in behavior leading to greater or lesser exposure are a major source of unexplained variability. Physiological differences between individuals and even within individuals over time are also likely to account for a large share of the unexplained variation in urinary arsenic.
To address the question of whether ratios among arsenic species can be used as an indicator of seafood consumption versus environmental arsenic exposure, the ratio DMA! sum is first corrected for the differential effects of age, sex, case status, and interactions using a (random-effects) regression model. The overall mean of the uncorrected ratios is 0.665. After correcting for age, sex, case status, and interactions, the mean ratio of samples not associated with reported seafood consumption is 0.645 (uncorrected mean + residual from regression). The mean associated with consumption of finfish is 0.733, and the mean associated with shellfish consumption is 0.767. The standard deviation of an individual observation is 0.142 (the sum of the betweenperson and within-person variance components). While the means for finfish and shellfish consumption are highly significantly different from the nonseafood mean (p < 0.001), there is still substantial overlap between the three distributions. For this reason, the ratio DMA/sum does not seem very useful as an indicator of dietary effects in urinary arsenic for individual samples, at least for the amounts of dietary intake seen in this population.
Conclusions
The sum of concentrations of inorganic and methylated arsenic species detected in nominally unexposed individuals were lower than previous reports of total arsenic in unexposed populations. Although this difference may be largely attributable to dietary arsenic from seafood (detected in total arsenic assays but at least partially excluded in the arsenic species assay), seafood consumption and diet also appeared to influence the levels of arsenic species detected. Relationships among species concentrations were too variable to be diagnostic of seafood intake.
While urinary arsenic species did increase with increasing environmental arsenic contamination for the populations studied, this effect was highly variable and was statistically significant only for children living in the most highly contaminated area. The potential importance of behavior as a factor influencing the relationship between environmental arsenic contamination and arsenic exposures was suggested by the strong age and sex dependence of the correlation between urinary arsenic and environmental arsenic level.
